It is a common practice in pressure forming to make an Equal Channel Angular Extrusion (ECAE) of a workpiece through a die with channel intersection angle 2θ = 90° using a standard punch of brick or cylindrical shape with 2θ0 = 90°. However Nejadseyfi et al (2015) have applied a beveled 2θ0-punch to the process of ECAE through a standard angular die of Segal geometry with 2θ = 90° and 2θ0 ≠ 2θ. The scope of the article is focused on an alternative numerical study of Nejadseyfi-ECAE-Scheme using techniques of Computational Fluid Dynamics (CFD). A finite-difference method was applied to the numerical solution of the boundary value problem for the Navier-Stokes equations in the form of a vorticity transfer equation. The complex of 2D plots for CFD-derived fields of flow lines and flow velocities and 3D plots for spatial distributions of flow velocities and tangential stresses were firstly derived for Nejadseyfi-ECAE-Scheme during viscous flow of polymer workpiece models through angular die with 2θ = 90° for the different punch inclination angles 30° ≤ 2θ0 ≤ 150°. It was found that Nejadseyfi-ECAE-Scheme provides enhancement of the rotary modes of intensive deformations during ECAE. Results provide visualization of velocity gradients and macroscopic rotation and the illustration of Nejadseyfi et al's ideas from an alternative CFD-based viewpoint.
Introduction
Equal Channel Angular Extrusion (ECAE) or Pressing (ECAP) [1-91] is a modern material processing technology, which has attracted a lot of research attention from materials science community . The development of applications of the bevel edge (inclined) punch for ECAE dies is probably as old as the ECAE scheme itself. Today we know that the development of applications of the bevel edge punch for Equal Channel Angular Extrusion (ECAE) dies originated 30 years ago in Moscow, USSR, 1987 in restricted-access Russian-language research of such scientists as Mikhalevich V.M. [39] [40] [41] [80] [81] , Vaitsekhovich S.M. [80] [81] Independently have reported research in the ECAE application of bevel edge 2θ0-punches to an angular extrusion through 2θ-dies (2θ0 = 2θ, 2θ ≠ 90°) in Perig et al's FEM-based [53] , CFD-based [54, 60] , and circular gridlines-based [61] articles. Independently and simultaneously have appeared an alternative original research article by Nejadseyfi et al (2015 Nejadseyfi et al ( -2016 , which was focused on the application of an inclined 2θ0-punch to ECAE through an angular die with channel intersection angle with 2θ = 90° and punch inclination angle 2θ0 ≠ 2θ [43] [44] .
The purpose of the present research study is to provide an analysis of geometric and energypower parameters of Nejadseyfi et al's ECAE scheme [43] [44] from CFD-based viewpoint [42, 46, 50-51, 54, 56-58, 60, 92-98] .
Materials and Methods
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where: {x & y} are dimensionless coordinates (e.g. coordinates of flow lines in Fig. 1(a) , Fig. 1(c), Fig. 4(a), Fig. 4(c), Fig. 7(a), Fig. 7(c), Fig. 10(a), Fig. 10(c), Fig. 13(a) Re is the dimensionless Reynolds number of the flowing model of pressure worked material; w = {u, v} is the dimensionless full flow velocity of the flowing material (Fig. 1(b), Fig. 1(d) , Fig. 3(a), Fig. 3(c), Fig. 4(b), Fig. 4(d), Fig. 6(a), Fig. 6(c), Fig. 7(b), Fig. 7(d), Fig. 9(a) , Fig. 9(c), Fig. 10(b), Fig. 10(d), Fig. 12(a), Fig. 12(c), Fig. 13(b), Fig. 15(a) ; the dimensional time moment for building of the first isochronous contour 1 is t1 * = 20 s; the dimensional time step is ts * = 1.00 mcs; the dimensional transition time is ttr * = 80 mcs; the dimensional time intervals between points and circles of the flow lines are 2 s and 20 s respectively; the dimensional step of time iterations is τ * = 1 μs; the dimensional coordinate step is 2 mm; the quantity of coordinate steps along the channel width is q = 30; the number of steps of coordinate mesh along x-and ydirections is 80 and 80, respectively; the dimensional kinematic viscosity of the pressure worked fluid model is υ * = 0.073 m 2 /s; the dimensional dynamic viscosity of the fluid model is η * = 135 Pa▪s; the dimensional yield (flow) stress of the plasticine model is σs * = 217 kPa [99] ; the dimensional specific heat of the plasticine model is c * = 1.004 kJ/(kg▪K); the dimensional thermal conductivity of the plasticine fluid is λ * = 0.7 J/(m▪s▪K) [100] ; the dimensionless Reynolds number of the viscous plasticine model is Re = (U0 * ▪a * ▪ρ * )/η * = (U0 * ▪a * )/υ * = 1.10▪10 -4 .
Discussion
It is important to discuss the suitability of the Newtonian fluid model (Figs. 1 -15 ) in comparison with the more sophisticated fluid models for non-Newtonian flow. It is known that for the stresses within the Bingham fluid we have the following expression: Figs. 1 -15) . Hence, the location of a deformation zone within the extruded Bingham fluid will be the same as for the extrusion of the Figs. 1 -15) . DOI (Fig. 10(a) -Fig. 10(b) ), 135°( Fig. 10(c) -Fig. 10(d) )}, where inlet is from the left ((a) -(d)), outlet is upwards in ((a), (c)) and outlet is in our direction in ((b), (d)) ψ ((a), (c) ) and the dimensionless vorticity (curl) functions ζ ((b), (d)) for ECAE through angular die with 2θ = 90° for the different punch inclination angles 2θ0 = {120° (Fig. 11(a) -Fig. 11(b) ), 135°( Fig. 11(c) -Fig. 11(d) 
Conclusion
This present article reports a CFD-based [42, 46, 50-51, 54, 56-58, 60, 92-98] analysis of the Nejadseyfi et al's ECAE scheme [43] [44] . DOI [43] [44] . The Newtonian fluid model is the first rheological approach to material flow through the angular domains in Figs. 1 -15 . Existence of this first rheological approach of the Nejadseyfi et al's ECAE scheme [43] [44] in the present paper (Figs. 1 -15 ) is quite possible and does not contradict the fundamental concepts of the well-known guides [92] [93] [94] [95] [96] [97] [98] .
Computational CFD-based plots in Figs. 1 -6 show the geometric possibility of partial or complete elimination of the dead zone using acute-angled punches with punch inclination angles of 2θ0 = {30°, 45°, 60°, 75°}. Numerical plots in Figs. 7 -15 show that using obtuse-angled punches with punch inclination angles 2θ0 = {105°, 120°, 135°, 150°} results in the formation of successively growing areas of dead zones due to partial or complete closing of the outlet die channel with the obtuse-angled punch.
The authors of the present theoretical study using CFD-based language have shown that the original Nejadseyfi et al's investigation [43] [44] reports non-standard, non-obvious and highly creative technical scheme of ECAE, which should attract more scientific attention from the growing materials science sphere of SPD-related research. Additional analysis of Nejadseyfi et al's ECAE scheme [43] [44] should be done using CFD, taking into account additional independent translational motions of the die walls and different values of die channel intersection angles in the range of 30° ≤ 2θ ≤ 150°. Completion of this study will be a matter of further research efforts by the authors. 
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